ABSTRACT Determination of the structure of biological particles, randomly oriented in solution, from spatial correlation analysis of fluctuations in x-ray scattering has recently been proposed. The feasibility of scattering fluctuation measurements was evaluated by using an x-ray synchrotron radiation camera to obtain the spatial correlation for a solution of tobacco mosaic virus along a line. The experimental system, analysis of data, and requirements for the determination ofstructures in solution are discussed using this example.
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Fluctuation spectroscopy (1) , the analysis ofnoise detected from spontaneously excited systems, has been applied to measure dynamic properties from the temporal correlation. Fluctuations in laser light scattering intensity (2, 3) , conductivity (4, 5) , or fluorescence (6-10) were used to study diffusional motion, reaction rates, and number of particles. The correlation function enables one to enhance randomly occurring signals which cannot be coherently averaged by synchronous summation.
Structure determination by crystallography is based on coherent enhancement of three-dimensional diffraction patterns from-all the unit cells in the lattice. In solution experiments one has access to spherically averaged one-dimensional scattering information only. Still, statistical fluctuations from the isotropic distribution oforientations ofparticles in solution can beprobed in a scattering experiment by following fluctuations of the scattering intensity s(k) for, a given scattering vector k around the average axially symmetric pattern. Repeated measurements of these spatial fluctuations can be processed by correlation analysis. Their contribution to laser scattering was used to measure the rotational diffusion of the rod-like tobacco mosaic virus (TMV) by using autocorrelation (11) and recently by cross correlating laser scattering fluctuations at two angles (12) . Correlation, or rather power spectrum analysis, was also applied to enhance circular symmetry in electron micrographs ofbiological structures (13) .
In the case of x-ray scattering, accumulation of the spatial correlation defined as the average of the products of s(k) in two directions, c(kl,kg) = (s(kj)-s(k2)), provides structural information which is much more detailed than the spherical average (s(k)), giving, at least in principle, the possibility ofdetermining the structure of the particles in solution (14) . To obtain a statistically significant pattern in a time shorter than that required for the rotational diffusion to average out the fluctuations, it is necessary to use very high flux such as the one provided by synchrotron radiation sources. For reconstruction of a structure from the spatial correlation, one has to measure the scattering intensity for all scattering vectors. Fast area detectors which are required for these measurements are now being developed but are not yet routinely available. Hence, the aim of the present experiment is merely to demonstrate that a small part of the correlation can be obtained from measurements in a limited region of k by using two linear detectors. Furthermore, to overcome the count rate limitations of present x-ray detectors, the measurements described below were performed on frozen solutions-i.e., the time scale was dilated by slowing down the rotational diffusion of the scatterers.
BASIC PRINCIPLES
The general mathematical basis for applying spatial correlation to structural analysis, experimental considerations for synchrotron x-ray fluctuation scattering, illustrative examples, and simulations have been reported in detail (14) (15) (16) . The discussion here is thus constrained to the measurements of spatial correlation of TMV particles chosen as a demonstration. The large scattering mass allows extensive dilution of the solution, keeping less than 107 particles in the scattering volume. The scattering pattern of a single rod-like TMV particle, practically independent ofits orientation, gives a sharp and long strip ofhigh intensity line in a radial direction perpendicular to the plane of the virus axis and the incident beam. The width and length of this strip are inversely proportional to the TMV length and thickness, respectively.
As illustrated schematically in Fig. 1 , the scattering pattern expected from a finite number, N, ofTMV particles in a frozen solution consists of a superposition of such randomly oriented radial strips, all crossing the origin (forward scattering direction). The intensity from N scattering particles measured in the detector plane along a linear detector is built upin this simple case by adding a peak at the intercept of the strip with the detector for each particle, leading to an average value proportional to N and fluctuations that grow as N`/2. The one-dimensional autocorrelation of the intensity along the detector enhances the N contributions of the autocorrelation of single particle peaks over the background given by the square of the spherically averaged scattering intensity, which is proportional to N2. This background contributes photon counting statistical noise which is proportional to N. The theoretical signal-to-noise ratio in such measurements is thus independent of N and can be improved by repeated measurements. The major source of instrument noise is the variation in detector counting efficiency along its length which contributes its own correlation. Being proportional to the average background, it may be greater than the spatial correlations. This implies that the experimental signal-to-noise ratio will be improved by having large relative fluctuations coming from a small number of scatterers.-For TMV, only a small fraction ofthe molecules contribute to the scattering at any given angle, leading to enhanced relative fluctuations from the spherically averaged intensity. In addition, the characteristic strip-like scattering pattern is idenAbbreviation: TMV, tobacco mosaic virus.
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The contribution of the correlation due to detector inhomogeneities can be subtracted by a differential measurement which retrieves the spatial correlation by cross correlating the scattering fluctuations measured with two symmetrically positioned linear detectors. Because the scattering pattern is centrosymmetric, the cross-correlation process retrieves the spatial fluctuations; but the result does not-contain the singular contribution existing in the autocorrelation at the origin due to detector mean-square response variations, because such fluctuations on the two detectors are not correlated. Cross correlation of differences between measurements in an identical system made on two sample volumes subtracts the average background as-modulated by the detector response, but the random spatial fluctuations accumulate and can be enhanced by the differential correlation free of the system response correlation in an ideal case or with highly reduced contribution in a slowly drifting measuring system.
EXPERIMENTAL METHODS
A double focusing x-ray camera (17, 18) was used for the measurements as illustrated in Fig. 2 . The linear detectors were proportional wire chambers with delay-line readout (19) installed vertically to make use of the natural collimation of the beam required in scattering from the 300-nm-long TMV particles. The original 0.2-mrad beam divergence was preserved by using only two of the eight available mirror segments. To maximize the flux through the sample, the beam was focused horizontally at the sample to give beam dimensions of 1 x 2 mm at the sample position.
In order to decrease the number of scatterers the beam cross section at the sample was limited by a 0. 2-mm diameter pinhole. The ratio of background to scattering signal contributed by the scattering from the pinhole did not allow use of a smaller aperture. The dimensions ofthe beam image in the detector plane were 0.5 x 3 mm, as expected from the beam divergence. To decrease the number of scatterers further, a thin sample cell with a pathlength of approximately 0.1 mm was used. It consisted of two 5-,um-thick mica foils supported on both sides by knife-edged brass pieces as illustrated in Fig. 3 adjusted, the solution was frozen by cooling the brass pieces.
In the present case, the minimal distance between the two linear detectors was constrained to 5 cm by their physical dimensions. In order to measure high enough scattering intensity at low angles, the detectors were moved 3 m away from the sample. The elongated shape ofTMV results in a much slower fall-off of the orientationally averaged scattering intensity than in the case ofan equivalent sphere. Thus, the intensity at a scattering angle of 8 mrad, corresponding to the detector position, is still 1/10th of the forward scattering. The two detectors' positions were adjusted to within one channel by using the x-ray shadow of a ruler crossing the direct beam.
RESULTS
A typical intensity profile obtained after 5 min ofdata collection is shown in Fig. 4 Upper; Fig. 4 Lover shows the ratio, channel per channel, of the number of photons scattered by a solution of TMV and by water. From this ratio, one can estimate that about 10% of the collected photons are scattered by TMV. This is also compatible with a direct estimate ofthe incident flux and the scattering cross section of the particles (15) . A total of 108 photons, corresponding to about 5 hr of exposure, were collected during time intervals of a few minutes and stored on a disk. Several measurements ofthe scattering intensity from four frozen sample volumes were made. This procedure replaces the time averaging for freely diffusing scatterers. In each measurement, a number of counts roughly equal to or larger than the number ofparticles in the scattering volume was accumulated. The spatial correlations calculated from the experimental data are plotted in Fig. 5. Ilk) is the photon scattering position his-togram from sample volume i as measured with the first detector, and Ij(O + ir) is the histogram measured with the symmetrically positioned second detector (see Fig. 2 ). The autocorrelation defined by CA(+) = f(I ll() * 1(6 + i) dO /f dO [1] is shown in Fig. 5a . Its amplitude is the square of the number of photons counted per channel, and it reflects the detector finite size correlation. By taking the difference autocorrelation CAD(Q) =f II1 (0) -2 (6)] 111 (6 + 0) -12 (O +t)]d6/ f dO [2] one can detect (Fig. 5b) (20) .
From this, one could conclude that fluctuation scattering measured in optimal conditions during a few days could enhance the required spatial correlation for structure determination at medium resolutions, corresponding to about one-sixth of the particle size. However, this would be overlooking the main practical limitations which are the achievement of low background scattering in the camera and normalization for system variations so that small fluctuations can be extracted. The art of obtaining a clean low-angle x-ray camera for synchrotron radiation has to be perfected in order to minimize stray scattering from various sources-e.g., monochromator, mirror, and slits. Even in the case of TMV, the quality of the results could be drastically improved in this way. Furthermore, it was found that uneven response and drift in the system used were small enough to extract the TMV fluctuations but not to allow the measurement of the smaller and smoother fluctuations expected from more isometric particles. In practice, one can thus conclude that a major effort in camera and detector technology is required to achieve the theoretical limit of the method.
In order to avoid this major obstacle of measuring small fluctuations from many scatterers, the configuration of an x-ray microscope (21) 
